T-box genes are potent regulators of mesoderm development in many metazoans. In chordate embryos, the T-box transcription factor Brachyury (Bra) is required for specification and differentiation of the notochord. In some chordates, including the ascidian Ciona, members of the Tbx2 subfamily of T-box genes are also expressed in this tissue; however, their regulatory relationships with Bra and their contributions to the development of the notochord remain uncharacterized. We determined that the notochord expression of Ciona Tbx2/3 (Ci-Tbx2/3) requires Ci-Bra, and identified a Ci-Tbx2/3 notochord CRM that necessitates multiple Ci-Bra binding sites for its activity. Expression of mutant forms of Ci-Tbx2/3 in the developing notochord revealed a role for this transcription factor primarily in convergent extension. Through microarray screens, we uncovered numerous Ci-Tbx2/3 targets, some of which overlap with known Ci-Bra-downstream notochord genes. Among the Ci-Tbx2/3 notochord targets are evolutionarily conserved genes, including caspases, lineage-specific genes, such as Noto4, and newly identified genes, such as MLKL. This work sheds light on a large section of the notochord regulatory circuitry controlled by T-box factors, and reveals new components of the complement of genes required for the proper formation of this structure.
INTRODUCTION
T-box (or Tbx) genes comprise an evolutionarily conserved class of transcription factors defined by the presence of a distinctive DNA-binding domain. Members of the Tbx family are crucial regulators of embryogenesis (Naiche et al., 2005) , and mutations in T-box genes are linked to several human genetic diseases (Packham and Brook, 2003) , further underscoring the importance of Tbx transcription factors.
The discovery and functional characterization of Brachyury (Bra), the founding Tbx family member, revealed its involvement in the specification and development of the notochord (Herrmann et al., 1990) . The notochord, the defining feature of chordates, provides structural support for developing embryos throughout this phylum (Jiang and Smith, 2007) ; a basement membrane and a perinotochordal sheath consisting of extracellular matrix (ECM) proteins contribute to its rigidity (Stemple, 2005) . Elongation of the chordate body plan is in part accomplished through convergent extension (CE) of notochord cells via mediolateral intercalation (Keller et al., 2000) , which requires cells to become motile and polarized, to remodel cell-adhesive contacts and to interact with ECM components. Following intercalation, pressure exerted on the notochordal sheath by the formation and expansion of vacuoles provides the tail with further rigidity (Stemple, 2005) . Studies in all chordates examined thus far have shown that Bra is indispensible for notochord fate commitment (Showell et al., 2004) . Conversely, few studies have addressed the composition and regulation of the battery of genes required for later notochord morphogenetic events.
In addition to the group containing Bra, phylogenetic analyses have categorized vertebrate T-box genes into four further subfamilies, including that of Tbx2, which in mammals has four members, Tbx2, Tbx3, Tbx4 and Tbx5 (Naiche et al., 2005) . The paralogs Tbx2 and Tbx3 are important regulators of heart formation (Harrelson et al., 2004 ), brain morphogenesis (Manning et al., 2006) and cell migration (Fong et al., 2005) . In humans, altered levels of these genes have deleterious results: haploinsufficiency caused by mutations in TBX3 plays a role in ulnar-mammary syndrome (UMS) (Packham and Brook, 2003) , and recently TBX2 and TBX3 have been found to be amplified or upregulated in different cancers (Lu et al., 2010) . These transcriptional regulators can contribute to tumorigenesis through inhibition of apoptosis and by increasing invasiveness through control of cell adhesion genes (Lu et al., 2010) . A thorough understanding of the contributions of Tbx2/3 genes to normal development will thus inform studies of these transcription factors in pathological processes.
Previous studies have suggested that Tbx2 subfamily members could also contribute to notochord formation. Xenopus and zebrafish notochords both express tbx3, and the zebrafish tbx2b gene is also found in the notochord (Dheen et al., 1999; Takabatake et al., 2000) ; however, their individual functions and regulatory interactions in this tissue remain incompletely characterized. Impaired Tbx2b activity results in defects in notochord specification, which precludes the study of its involvement in later stages of notochord morphogenesis (Dheen et al., 1999; Fong et al., 2005) . Hence, the roles and targets of tbx2 and tbx3 genes in the development of this structure have yet to be investigated in any chordate.
We have addressed this point using the ascidian Ciona intestinalis, a powerful model organism for studies of gene regulation and function during notochord morphogenesis. The ascidian notochord is tractable, consisting of only 40 post-mitotic cells where Ciona Brachyury (Ci-Bra) is exclusively expressed (Corbo et al., 1997; Passamaneck and Di Gregorio, 2005) . Ciona notochord cells intercalate through cellular and molecular mechanisms similar to those used by vertebrates (Jiang et al., 2005; Munro and Odell, 2002b) , and require an intact extracellular matrix (Veeman et al., 2008) . Formation of intercellular lumens similar to vacuoles also contributes to notochord elongation (Dong et al., 2009; Miyamoto and Crowther, 1985) .
Ascidians diverged from the main chordate lineage before the genome duplications associated with the emergence of vertebrates; accordingly, and due to the loss of the ancestral Tbx4/5 ortholog (Horton et al., 2008) , the Ciona genome contains only a single Tbx2 subfamily member, Ci-Tbx2/3 (Takatori et al., 2004) . Among other territories, Ci-Tbx2/3 is expressed in the notochord after its fate specification, making Ci-Tbx2/3 both an ideal candidate regulator of notochord differentiation and the only other Tbx gene besides CiBra with detectable expression in this tissue. As previous work in Ciona has uncovered numerous Ci-Bra downstream genes (e.g. Kugler et al., 2008; Takahashi et al., 1999) , the identification of shared Ci-Bra and Ci-Tbx2/3 targets, and the elucidation of the notochord gene regulatory circuitry powered by these transcription factors, are greatly facilitated.
In this study, we focused on the transcriptional regulation and developmental role of Ci-Tbx2/3 in the Ciona notochord. We have analyzed the relationship between Ci-Tbx2/3 and Ci-Bra, and studied the effects of alterations in Ci-Tbx2/3 function on different stages of notochord development, including mediolateral intercalation and lumen formation. Finally, expression profiling identified several Ci-Tbx2/3-dependent notochord genes with various functions, including genes previously reported as Ci-Bra targets. These results shed light on an extensive, crucial branch of the notochord gene regulatory network, components of which appear to be shared between ascidians and higher chordates.
MATERIALS AND METHODS

Embryo culture, electroporation and morpholino injections
Adult Ciona intestinalis were purchased from M-REP (Carlsbad, CA). Culturing, electroporations and X-gal staining were carried out as previously described (Oda-Ishii and Di Gregorio, 2007) . Ci-Bra mutant embryos were kindly provided by Drs Shota Chiba and William Smith (UC Santa Barbara, CA, USA).
The Ci-Tbx2/3 morpholino (30 fmol), 5Ј-CGCTATCGGTCAAACAC -ATTCAGAG-3Ј (Gene Tools), was co-injected into unfertilized eggs with 1 μg Ci-Bra>lacZ (Corbo et al., 1997) . The Ci-Tbx2/3 shRNA plasmid was constructed as described previously (Nishiyama and Fujiwara, 2008) using the oligonucleotides listed in supplementary material Table S2 .
Whole-mount in situ hybridization
Whole-mount in situ hybridizations using BCIP/NBT detection were carried out as previously described (José-Edwards et al., 2011) . The Ci-Tbx2/3 cDNA was constructed by PCR amplifying two overlapping halves of its coding region from cDNA with the primers listed in supplementary material Table S2 , then digested and ligated into the pCR4-TOPO vector (Invitrogen). EST clones used for whole-mount in situ hybridization were prepared as described previously (José-Edwards et al., 2011) ; other select cDNAs (supplementary material Table S3 ) were cloned into the pGEM-T (Promega) vector. Double-fluorescent whole-mount in situ hybridization and immunostaining experiments were performed as described previously (Wagner and Levine, 2012) . Anti-DIG-POD (Roche) and rabbit anti-GFP (Invitrogen) antibodies were used at 1:500 and 1:1000 dilutions, respectively. Antisense DIG-labeled probes were visualized through incubation with rhodamine-tyramide working solution (Perkin Elmer) for 5 minutes to 1 hour at room temperature. Embryos were then blocked for 1 hour in TNBS [100 mM Tris (pH 7.5), 150 mM NaCl, 0.5% Roche blocking reagent, 2% normal goat serum] and incubated overnight at 4°C with 1:500 goat anti-rabbit Alexa Fluor 488 (Invitrogen) secondary antibody.
Plasmid construction
Regions of the Ci-Tbx2/3 locus were amplified from Ciona intestinalis genomic DNA. Subsequent deletions and mutations were made using unique restriction sites or through PCR with the oligonucleotides provided in the supplementary material Table S2 . These fragments were cloned into the lacZ-containing plasmid pFBΔSP6 (Oda-Ishii and Di Gregorio, 2007) .
The Ci-Tbx2/3 DBD was amplified from cDNA employing the primers: 5Ј-AACCATGGATAACATGGAACTGTGGGAGC-3Ј and 5Ј-CTACTA -GTTCCGCTCCCTGAGTCTCG-3Ј, and used to replace the :GFP was subsequently constructed by amplifying two copies of the VP16 domain from a 4X-VP16 construct using the primers 5Ј-TTACTAGTGGAT -CCGCCCCCCCG-3Ј and 5Ј-TTACTAGTCGGCAACCCACCGTACTC-3Ј, and inserting the product into the Ci-Bra >Ci-Tbx2/3 DBD ::GFP plasmid.
Immunostaining, microscopy and quantitative analysis
For either direct visualization of fluorescence or immunostaining, embryos were fixed as for whole-mount in situ hybridization at room temperature for 30 minutes to 1 hour. Double immunofluorescence experiments were performed using 1:1000 rabbit anti-GFP and mouse anti-β-Gal (Promega) primary antibodies and 1:1000 goat anti-rabbit Alexa Fluor 488 and goat antimouse Alexa Fluor 555 (Invitrogen) secondary antibodies. Select embryos were counterstained with 1 U rhodamine-phalloidin (Invitrogen) in 1× PBS/0.2% Triton X-100 for 3 hours at room temperature. All fluorescent samples were mounted in VECTASHIELD with DAPI (Vector Laboratories). Images were obtained with a Leica DMR microscope with the exception of confocal images, which were acquired at the Weill Cornell Medical College Optical Microscopy Core Facility using a Zeiss LSM 510 microscope. Data presented in graphs represent average values with error bars indicating the s.d. garnered from at least three independent experiments. Statistical significance for the phenotypic classes of Ci-Tbx2/3 mutants, when compared with Ci-Bra >GFP samples, was determined using a χ 2 test.
Microarray screens
Approximately 100-300 fluorescent embryos expressing the CiBra>Tbx2/3 DBD ::GFP, Ci-Bra>Tbx2/3 VP16 ::GFP or Ci-Bra>GFP transgenes were manually selected at ~7 hpf and ~10.5 hpf (Hotta et al., 2007) . RNA was extracted using the RNeasy micro kit (Qiagen) from three biological replicates for each construct and used to create labeled probes for hybridization to a Ciona intestinalis Affymetrix GeneChip (Christiaen et al., 2008) by the Weill Cornell Genomics Resources Core Facility. Results were RMA summarized from raw data (CEL files) and quantile normalized before proceeding with ANOVA to statistically analyze the data (Weill Cornell Epigenomics Core Facility). Probe sets with P≤0.05 with an absolute fold change cut-off of 2 were considered further. The microarray dataset has been deposited into the NCBI Gene Expression Omnibus (accession number GSE42267).
RESULTS
Ci-Tbx2/3 notochord expression depends upon
Ci-Bra
In Ciona, transcripts for Ci-Tbx2/3 are found in a number of spatial domains, including the notochord (Fig. 1A) (Imai et al., 2004; Takatori et al., 2004) . Unlike in other chordates, such as zebrafish (Dheen et al., 1999; Martin and Kimelman, 2008) , Ci-Bra and CiTbx2/3 are the only Tbx genes present in the Ciona notochord. This fact both simplified the analysis of the contribution of the T-box gene family to notochord development and provided an ideal system for studying the regulatory interactions between these factors.
Expression of Ci-Bra begins at the 64-cell stage, concomitant with notochord fate restriction (Corbo et al., 1997) , and precedes expression of Ci-Tbx2/3, suggesting that the notochord expression of Ci-Tbx2/3 could be mediated by Ci-Bra. To assess this, we analyzed the expression pattern of Ci-Tbx2/3 in Ci-Bra −/− mutant embryos (Chiba et al., 2009 ). We performed whole-mount in situ hybridization for Ci-Tbx2/3 on the offspring of Ci-Bra +/− animals as homozygotes do not survive to adulthood (Chiba et al., 2009) . We determined that, compared with controls and wild-type siblings (Fig. 1A,B Tbx2/3 transcription start site and within the first intron exhibited staining only in Ci-Tbx2/3 expression domains outside of the notochord (supplementary material Fig. S1 ), indicating that the CiTbx2/3 locus harbors multiple tissue-specific CRMs. Conversely, upon electroporation of a 1.9 kb region spanning part of the second and third introns ( Fig. 2A) , the resulting embryos displayed robust notochord activity (Fig. 2C ), recapitulating the onset and pattern of the endogenous gene in this domain (Fig. 2B ). Genome-wide ChIP studies, published after this CRM was identified, showed the highest Ci-Bra binding peaks within the first intron in early (110-cell stage) embryos (Kubo et al., 2010) ; however, we found that these areas lacked notochord staining (supplementary material Fig. S1 ). Nonetheless, another peak was contained in the 1.9 kb region with notochord activity, consistent with our results (Kubo et al., 2010) . In order to identify the minimal cis-regulatory sequences necessary for the activity of this notochord CRM, we tested the ability of truncations of the 1.9 kb region to retain notochord expression (supplementary material Fig. S2 ). A 294 bp region drove consistent lacZ expression in the notochord and was enriched for T-box binding sites, containing nine sequence blocks (T1-T9) matching the generic TNNCAC Ci-Bra consensus binding site (e.g. Dunn and Di Gregorio, 2009) (Fig. 3A ,B), supporting a role for CiBra in the activation of this notochord CRM.
To determine the functional requirements of such sites for notochord activity, we analyzed the 294 bp CRM further. Two overlapping halves of this sequence, 172 bp (T1-T6) and 151 bp (T6-T9), directed weakened notochord expression; however, notochord expression of the 151 bp fragment was lost upon removal of sites T6 and T7 (supplementary material Fig. S2 ). Given this result, we first mutagenized T6 as it was common to both partially active halves of the CRM. Because mutation of T6 alone did not abolish notochord activity (Fig. 3A,D) , we examined the contribution of T5 and T7, the T-box sites adjacent to T6. However, as with T6, we found that obliterating either of those sites individually did not result in a decrease in notochord activity 2425 RESEARCH ARTICLE Tbx2/3 in notochord development (Fig. 3A,C,E) . Rather, we observed an apparent increase in the number of embryos exhibiting notochord staining upon mutation of either T5 or T6. In the wild-type CRM, we observed that notochord staining is often accompanied by ectopic muscle staining (light pink bars in the chart in Fig. 3A ). This is likely due to the T-box sites being bound by the muscle-specific T-box factor(s) Tbx6b and/or Tbx6c when the CRM is isolated from its genomic context. Consistently, a peak of Tbx6b occupancy was found in the region corresponding to the 294 bp CRM in early embryos (supplementary material Fig. S1 ) (Kubo et al., 2010) . Muscle cells are large and located more superficially than notochord cells, such that strong muscle staining can mask the notochord activity. When T5 and T6 were mutated, more embryos exhibited notochord-specific expression (maroon bars in the chart in Fig. 3A ) because the loss of muscle staining increased the visibility of the notochord.
Because disruptions of single T-box sites did not eliminate lacZ notochord expression, we created constructs carrying compound mutations and found that disruption of T6 in combination with either T5 or T7 resulted in a drastic abrogation of notochord activity (Fig. 3A ,F,G). Simultaneous disruption of T5 and T7 was less effective, with 6% of embryos still exhibiting notochord staining ( Fig. 3A,H) , suggesting that the individual T-box sites are mostly, although not completely, redundant. Any residual notochord activity was lost upon simultaneous mutation of T5, T6 and T7 (Fig. 3A,I ).
The Ciona savignyi region corresponding to the 294 bp notochord CRM also harbors a number of T-box sites, and the notochord activity of the Ci-Tbx2/3 294 bp CRM in C. savignyi embryos was similar to that in C. intestinalis (supplementary material Fig. S3 ). These results strongly suggest that the cis-regulatory strategy that ensures notochord expression of Ci-Tbx2/3 is evolutionarily conserved between these two species.
Roles of Ci-Tbx2/3 in notochord formation
In prior studies, notochord expression of Ci-Tbx2/3 was detected starting at neurulation (Imai et al., 2004; Takatori et al., 2004) when intercalation first begins (Munro and Odell, 2002b) . However, we observed Ci-Tbx2/3 notochord expression from the neural plate through tailbud stages (Fig. 2B) , suggesting that Ci-Tbx2/3 might contribute to various steps of notochord differentiation, including CE.
To determine whether Ci-Tbx2/3 participates in notochord formation, we disrupted its function using several approaches. Morpholino oligonucleotide (MO) knockdown of Ci-Tbx2/3 resulted in extensive defects in body axis length and abnormally shaped heads; the shortened, curled tails of morphants (supplementary material Fig. S4A-AЉ) suggested that the notochord fails to extend and acquire rigidity upon Ci-Tbx2/3 knockdown. The severity of the MO-induced phenotypes, owing to the expression of Ci-Tbx2/3 in multiple territories (Fig. 1A) , prevented further characterization of notochord-specific defects. To circumvent this limitation, we expressed mutant forms of Ci-Tbx2/3 in the notochord using the Ci-Bra promoter region (Corbo et al., 1997) . Because the domain structure of Ci-Tbx2/3 is uncharacterized except for the evolutionarily conserved DNA-binding domain (DBD), we built three versions of Ci-Tbx2/3. We first created a dominant-negative by cloning the DBD downstream of the Ci-Bra promoter (Ci-Tbx2/3 DBD ); the resulting protein would be expected to simply bind target genes and neither activate nor repress transcription. We also engineered heterologous fusions of the DBD with the VP16 activation (Ci-Tbx2/3 VP16 ) or Engrailed repression (Ci-Tbx2/3 En ) domains (Kugler et al., 2008; Sadowski et al., 1988) to create constitutive activator or repressor forms, respectively. All constructs also encoded GFP to allow for the detection of incorporation of the transgenes.
CE transforms the Ciona notochord from a monolayer of 40 notochord cells into a cylindrical rod a single cell in diameter RESEARCH ARTICLE Development 140 (11) (Munro and Odell, 2002b) (Fig. 4A) . When Ciona zygotes were electroporated with either the Ci-Tbx2/3 DBD or the Ci-Tbx2/3 VP16 plasmid, the resulting embryos showed defective intercalation and impaired tail elongation (Fig. 4) . Taking into account mosaic incorporation of the transgenes (Di Gregorio and Levine, 2002) , which results in variable severity of the phenotype and produces a mixture of transgenic and non-transgenic notochord cells, we grouped the observed phenotypes into four classes: mild (mostly normal, but displaying incomplete intercalation along some points of the tail, Fig. 4B ), moderate (two rows of notochord cells, Fig. 4C ), severe (more than two rows of notochord cells, Fig. 4D ) and very severe (transgenic cells mislocalized to the trunk, Fig. 4E ). The incidence of abnormal notochord development was significantly increased in Ci-Tbx2/3 DBD and Ci-Tbx2/3 VP16 embryos (79.8% and 90.7%, respectively) compared with control embryos expressing the neutral Ci-Bra>GFP transgene (Corbo et al., 1997) (~33%, Fig. 4F ). Despite their abnormalities, Ci-Tbx2/3 DBD and CiTbx2/3 VP16 embryos still contained 40 notochord cells, even though Ci-Tbx2/3 is expressed prior to the last cell division of notochord precursors (Jiang and Smith, 2007) ; therefore, Ci-Tbx2/3 appeared not to affect notochord cell mitosis. Ci-Tbx2/3 shRNA constructs and the Ci-Tbx2/3
En fusion also produced similar notochord phenotypes (supplementary material Fig. S4) ; however, the low fluorescence of embryos electroporated with the latter construct prevented its use in further experiments.
As described above, electroporated embryos contained different proportions of transgenic and wild-type notochord cells (Fig. 4G-HЈ) . In controls, notochord cells appeared in single file along the length of the tail, intercalated cells had aligned nuclei, and both GFP-positive and GFP-negative cells were disk-shaped ( Fig. 4G,GЈ ; supplementary material Movie 1), characteristic of proper notochord formation. By contrast, no such uniformity was seen in embryos expressing either of the altered forms of Ci-Tbx2/3: the transgenic cells in these animals varied in shape and size, appeared in multiple planes and their nuclei were variably located ( Fig. 4H,HЈ ; supplementary material Movie 2). In moderately affected CiTbx2/3 DBD and Ci-Tbx2/3 VP16 embryos, transgenic and nontransgenic notochord cells often appeared spatially separated. For example, in Fig. 4H , fluorescent cells harboring Ci-Tbx2/3 VP16 are located ventral-laterally of the non-transgenic notochord cells. This segregation is surprising as cells from both sides of the midline mix randomly during notochord intercalation (Miyamoto and Crowther, 1985; Munro and Odell, 2002b) in Ci-Bra>GFP control embryos (Fig. 4G,GЈ) . Taken together, this phenomenon, along with the different phenotypic variations observed, suggest that these intercalation defects could be due to dose-dependent deficiencies in the motility of the transgenic notochord cells.
At the final stages of notochord differentiation, the notochord normally begins to turn into a hollow tube through the formation of extracellular lumens (Fig. 4I-IЉ) (Dong et al., 2009 ). These structures were absent in Ci-Tbx2/3 VP16 -or Ci-Tbx2/3 DBDexpressing cells (Fig. 4IЈ) . Overall, therefore, Ci-Tbx2/3 contributes to different stages of notochord differentiation.
We also monitored the development of tissues adjacent to the notochord in transgenic embryos. The CNS activity of the marker CRM Ci-ETR (Satou et al., 2001 ) was unaffected by expression of Ci-Tbx2/3 VP16 (supplementary material Fig. S5A,B) ; therefore, the phenotype induced by notochord-specific expression of CiTbx2/3 VP16 appeared cell-autonomous. Muscle cells also appeared to be properly specified; however, they failed to elongate along the anterior-posterior axis (supplementary material Fig. S5C,D) , consistent with previous observations correlating the elongation of Munro and Odell, 2002a) .
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Differential regulation of target genes by Ci-Tbx2/3
In order to identify candidate Ci-Tbx2/3 target genes, we performed genome-wide microarray analyses on Ci-Tbx2/3 DBD -and CiTbx2/3 VP16 -expressing embryos. Total RNA was isolated from transgenic embryos and stage-matched Ci-Bra>GFP controls at the mid-late neurula and mid-tailbud I/II stages (Hotta et al., 2007) , with the aim of capturing targets expressed throughout and following intercalation. These screens yielded 94 probe sets with significant differential expression of at least twofold, corresponding to 81 genes. The datasets obtained from the two stages were mostly nonoverlapping, highlighting the dynamic nature of the notochord transcriptome regulated by Ci-Tbx2/3. Furthermore, Ci-Tbx2/3 DBD and Ci-Tbx2/3 VP16 appear predominantly to regulate distinct sets of targets, although the phenotypes induced by these transgenes are similar; this is consistent with a related screen that found that the VP16 domain influenced TBX2 target selection (Butz et al., 2004) . Notably, our results also indicate that Ci-Tbx2/3 VP16 may act as an activator in only a few instances (e.g. for Nicastrin); instead, in the majority of cases, this chimera appears to operate as a dominantnegative form because, surprisingly, several genes that emerged from the Ci-Tbx2/3 VP16 screen were downregulated (e.g. Noto4, Table 1 ).
To validate the microarray results, we performed whole-mount in situ hybridization for the 81 candidate targets and observed a detectable signal for 70 genes (Fig. 5A ). As expected, the screen identified several notochord genes (20/70, ~29%) ( Fig. 5A-H containing (Thsd1-cont.) and mixed linage kinase domain-like (MLKL). The microarray data suggested that Ci-Tbx2/3 serves to activate the notochord expression of these genes, as the majority were downregulated when the function of this transcription factor was impaired (Table 1) .
Interestingly, despite the fact that Ci-Tbx2/3 DBD and CiTbx2/3 VP16 were expressed almost exclusively in the notochord, we identified a number of targets (11/70, ~16%) in the CNS and epidermis, other Ci-Tbx2/3 expression domains (Fig. 5A ,I-K; supplementary material Table S1 ). We observed that these nonnotochord targets, including Rgs and claudin gene family member 3, tend to be upregulated (supplementary material Table S1 ), implying that they are normally repressed by Ci-Tbx2/3 in the notochord, but activated in the CNS and/or epidermis. In vertebrates, Tbx2 and Tbx3 are thought to act as both activators and repressors (Washkowitz et al., 2012) , and the direction of regulation of their targets can vary in a context-dependent manner, such that a gene may be upregulated in one circumstance, but downregulated in another (Butz et al., 2004; Chen et al., 2001; Paxton et al., 2002) . The above results, and the fact that we obtained similar phenotypes upon expression of Ci-Tbx2/3 DBD , Ci-Tbx2/3 VP16 and Ci-Tbx2/3 En ( Fig. 4 ; supplementary material Fig. S4 ), suggested that Ci-Tbx2/3 could both activate and repress transcription, similar to its vertebrate counterparts. However, we cannot rule out that Ci-Tbx2/3 may indirectly regulate some of these downstream genes.
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A third category of Ci-Tbx2/3 targets was expressed in both the notochord and other Ci-Tbx2/3 expression domains (Fig. 5A,L-O) . Duox-c was transiently expressed in the notochord in early embryos (110-cell stage), but became restricted to various regions of the CNS at later stages (Fig. 5N) . Downregulation of Duox-c in the notochord occurs following the neural plate stage (data not shown) when Ci-Tbx2/3 expression commences in this domain (Fig. 2B) , consistent with the hypothesis that Ci-Tbx2/3 might repress transcription. This suggests that Ci-Tbx2/3 may also contribute to the temporal control of notochord expression. Furthermore, Slc23a is expressed in the posterior nerve cord at tailbud stages (Fig. 5O) , like Ci-Tbx2/3, but switches to the notochord in larvae (Kusakabe et al., 2002) . This temporal and spatial variability indicates that the function of Ci-Tbx2/3 is likely modified locally by tissue-specific regulators.
Ci-Tbx2/3 controls genes involved in a wide variety of cellular processes Fig. 5A categorizes the 31 bona fide targets detected in Ci-Tbx2/3 expression territories according to their predicted functions, e.g. cell death, ECM, transcription, adhesion, signaling and others. This suggests that Ci-Tbx2/3 controls a wide array of cellular processes required to develop the notochord, CNS and epidermis properly, and explains the severe developmental defects observed when the function of this transcriptional regulator is manipulated. The most extensively characterized notochord gene controlled by Ci-Tbx2/3 is Noto4 (Table 1) , a gene originally identified as a transcriptional target of Ci-Bra (Takahashi et al., 1999) . Noto4 has been shown to be required for notochord intercalation (Yamada et al., 2011) ; Noto4 morphants display intercalation defects evocative of the phenotypes observed in embryos expressing the CiTbx2/3 DBD and Ci-Tbx2/3 VP16 transgenes, strongly suggesting that Noto4 is one of the main effectors of Ci-Tbx2/3. In addition to Noto4, cytosolic sulfotransferase (SULT) (Fig. 5C ) had been previously identified as a positive mediator of cell migration in Ciona heart precursors (Christiaen et al., 2008) . The downregulation of this gene in Ci-Tbx2/3 VP16 embryos could contribute to the impairment of notochord cell motility that we observed (Fig. 4) .
Among the developmental regulators controlled by Ci-Tbx2/3 is Fos-a, a notochord transcription factor that we previously positioned downstream of Ci-Bra (José-Edwards et al., 2011) . Fosa appeared among the Ci-Tbx2/3 targets from the microarray analysis of mid-tailbud embryos. Interestingly, Fos-a is normally not expressed at the mid-tailbud stage (José-Edwards et al., 2011) and is upregulated in Ci-Tbx2/3 DBD transgenics ( Table 1 ), suggesting that it may be repressed by Ci-Tbx2/3. Preliminary in situ and qPCR results confirm this result (data not shown). Together, these observations hint at the existence of a transcriptional circuit presided over by Ci-Bra that activates both Fos-a and Ci-Tbx2/3 and is later counterbalanced by Ci-Tbx2/3.
As outlined above, despite the presence of the VP16 activation domain, Ci-Tbx2/3 VP16 acts also as a dominant-negative form. To verify this point, and to further validate the results of the screens in vivo, we looked at the expression of a subset of notochord targets downregulated in embryos expressing Ci-Tbx2/3 VP16 (Fig. 6 ). Taking advantage of the mosaic incorporation of the transgene, we expected that candidate targets of Ci-Tbx2/3 VP16 -mediated repression would be absent in notochord cells containing the 2429 RESEARCH ARTICLE Tbx2/3 in notochord development transgene, but expressed normally in non-transgenic cells. Indeed, we found that Noto4, MLKL, ZF105 and FN1-cont., which are normally expressed throughout the notochord in control wild-type embryos (Fig. 6A-D) , are detected only in non-transgenic cells in Ci-Tbx2/3 VP16 embryos (Fig. 6E-H) . Accordingly, transgenic notochord cells do not express these genes at detectable levels ( Fig. 6EЈ-HЉ) . These results confirm that, in different contexts, CiTbx2/3 VP16 can either activate or prevent transcription.
DISCUSSION
A complete understanding of how the developing body plan is shaped requires the reconstruction of the gene circuitry and cisregulatory relationships responsible for cell differentiation in a particular lineage. Through this study, we have identified Ci-Tbx2/3 as both an effector and a regulator of a wide branch of the gene network downstream of Ci-Bra (Fig. 7) . The elucidation of numerous Ci-Tbx2/3 targets has allowed us to gain insights into the mechanisms of transcriptional control underlying notochord morphogenesis.
Regulation of Ci-Tbx2/3 expression in the notochord
We have provided evidence that Ci-Bra is required for the notochord expression of another T-box gene, Ci-Tbx2/3. We gathered support for this regulatory relationship from multiple lines of evidence, including the identification of nine T-box binding sites within the Ci-Tbx2/3 notochord CRM. Detailed examination of the minimal sequences required for the notochord activity of the CRM revealed that the T-box sites function redundantly. The Ciona intestinalis genome is highly polymorphic (Dehal et al., 2002) , which can lead to faster than usual transcription factor binding site turnover (Satou et al., 2012) . The distinctive architecture of the CiTbx2/3 CRM ensures the precise expression of this transcription factor: the high number and redundancy of T-box sites could counteract the effects of inactivating mutations within its sequence. The ability of the 294 bp construct to direct a similar level of notochord expression in the sister ascidian species Ciona savignyi supports this hypothesis. In particular, although the C. savignyi sequence is also enriched in T-box sites, these sites often have differing sequences, orientations and spacing than their counterparts in C. intestinalis, yet C. savignyi embryos retain the ability to properly interpret the cis-regulatory information contained in the C. intestinalis CRM. This finding hints at a considerable degree of flexibility in the functional requirements of the CRM, which may enable it to sustain changes in its sequence.
Role of Ci-Tbx2/3 in notochord formation and identification of both novel and conserved targets We showed that upon disruption of Ci-Tbx2/3, CE is greatly impaired by the clustering of transgenic notochord cells that fail to interdigitate into a single row. Consistent with Ci-Tbx2/3 being a downstream target of Ci-Bra, lack of intercalation was also observed in Ci-Bra mutant embryos (Chiba et al., 2009) . In other systems, Tbx2 subfamily genes are expressed in tissues undergoing similar morphogenetic changes. For example, in zebrafish embryos, Tbx2b-deficient ectodermal cells failed to migrate to the neural plate (Fong et al., 2005) . Therefore, the ability to coordinate complex cellular movements seems to be an evolutionarily conserved function for these factors.
Through microarray analysis, we uncovered 31 bona fide CiTbx2/3 targets found in its various expression territories, most importantly the notochord. Although leaky activity of the Ci-Bra promoter in the mesenchyme (Corbo et al., 1997) could account for some of the genes found in this domain, the transient expression of Ci-Tbx2/3 in the mesenchyme (Takatori et al., 2004) argues that some of these 18 genes may also represent Ci-Tbx2/3 targets. Nevertheless, among the 31 Ci-Tbx2/3 targets are genes with various putative functions and also genes that are presumably lineage specific, such as Noto4. Although lineage specific, Noto4
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Development 140 (11) contains a conserved phosphotyrosine binding domain (PTB) (Yamada et al., 2011) . Proteins containing this domain, such as integrins, can bind ECM-contacting proteins (Uhlik et al., 2005) . Furthermore, deletion of regions of Noto4 outside of the PTB caused notochord cells to take on a spherical, as opposed to their normally columnar, shape (Yamada et al., 2011) , suggesting that Noto4 could also interact with the cytoskeleton and thus affect notochord intercalation through different mechanisms. A large fraction of Ci-Tbx2/3 targets seem to be involved in the construction and remodeling of the ECM, such as FN1-cont. In both the Xenopus mesoderm (Davidson et al., 2006) and Ciona notochord (Veeman et al., 2008) loss of the ECM components fibronectin and laminin, respectively, results in a lack of CE. Thrombospondin-type 1 domain containing (Thsd1-cont.) proteins mediate cell-cell and cell-matrix interactions in the ECM surrounding the tissues in which they are expressed (Adams, 2001) , including the notochord (Urry et al., 1998; Wu et al., 2009) . Additionally, extracellular leucine-rich repeat-containing proteins, such as GPV-like, have also been shown to contribute to ECM organization in various animals (Mancuso et al., 2012) . The presence of these genes within our list of Ci-Tbx2/3 targets indicates that an analogous loss of ECM integrity could have caused the deficiency of intercalation seen in transgenic embryos. Intercalation is also accomplished through the non-canonical Wnt/planar cell polarity (PCP) pathway. Of note, our results suggested that CiTbx2/3 represses a gene encoding a receptor similar to the LRP canonical Wnt co-receptors (LRP-like); it seems conceivable that this could indirectly allow participation of Dsh, a mediator of both non-canonical and canonical/β-catenin Wnt signaling, in PCP at the expense of canonical Wnt signaling to promote notochord cell intercalation.
In vertebrates, the roles of Tbx2/Tbx3 in cancer parallel their functions during embryogenesis. For example, these proteins were recently shown to contribute to epithelial-mesenchymal transition (EMT) (Humtsoe et al., 2012; Wang et al., 2012) . Ectopic expression of TBX2 promoted EMT-like invasiveness of mammary epithelial cells, causing the formation of lamellipodial protrusions Fig. 7 . The notochord gene network downstream of Ci-Bra and Ci-Tbx2/3. The onset of notochord expression of Ci-Bra, CiTbx2/3 and some of the newly identified CiTbx2/3 target genes are plotted against the timeline of Ciona developmental stages on the left. Arrows indicate activation of gene expression, whereas bars signify negative regulation. Broken lines are used for those genes that retain weak notochord expression, possibly owing to incomplete repression by Ci-Tbx2/3. Colored boxes encompass genes with similar putative functions. Gene names in green indicate Ci-Tbx2/3-regulated targets that have also been identified as targets of Ci-Bra in previous studies. Names in orange are used for genes that are Ci-Tbx2/3-specific targets. Cont., containing; ECM, extracellular matrix.
and overexpression of ECM remodelers; both E-cadherin and the tight junction protein ZO1 were also downregulated . Claudins are another component of tight junctions that help maintain stable contacts between cells (Steed et al., 2010) . Interestingly, among the upregulated genes in our screen was claudin gene family member 3. Greater notochord cell-cell interactions in embryos where Ci-Tbx2/3 function is impaired could account for the clustering of transgenic notochord cells that we observed. Therefore, overall, cell adhesion and ECM genes appear to be recurrent Tbx2/Tbx3 targets. Notably, although TBX3 was found to be upregulated in EMT-prone squamous cell carcinoma cells, DUOX1 was downregulated in a screen for genes differentially expressed in EMT (Humtsoe et al., 2012) . Our finding that Ci-Tbx2/3 repressed Duox-c in the notochord suggests that TBX3 may similarly regulate the expression of DUOX1 during EMT. Exploration of the consequences of this relationship that we identified in Ciona could thus inform studies of related morphological changes in other biological contexts.
Even though not all Ciona genes possess unequivocal vertebrate counterparts, we found parallels with targets identified in previous screens in NIH3T3, ROS17/2.8 (Chen et al., 2001 ) and HEK293 (Butz et al., 2004 ) cells overexpressing TBX2. Similarities include targets belonging to the same gene ontology families, such as cytosolic sulfotransferase (SULT), cathepsin and Rgs proteins, and genes involved in ECM formation, cell adhesion and apoptosis. Tail regression of Ciona larvae prior to metamorphosis involves apoptosis of various tissues, including those of the notochord, an event involving caspases (Chambon et al., 2002; Nishiyama and Fujiwara, 2008) . Although we did not see evidence of apoptosis during tailbud stages, we found that tail resorption in Ci-Tbx2/3 VP16 -expressing larvae was delayed and juveniles retained more tail remnants than wild-type controls (data not shown). Among the notochord genes regulated by Ci-Tbx2/3 was Caspase9-like (Fig. 7) . Caspases are conserved targets for Tbx2 subfamily members: overexpression of TBX2 in SW13 adenocarcinoma led to reductions in the activation of caspases 8 and 9 (Ismail and Bateman, 2009) . Another Ci-Tbx2/3 notochord target, MLKL, was very recently implicated in a mechanism of cell death known as necroptosis (Sun et al., 2012; Zhao et al., 2012) ; its role in embryonic development remains unclear, but its contribution to notochord morphogenesis can now be investigated using Ciona as a model.
Together, these results indicate that Ci-Tbx2/3 has retained ancestral target genes common to the main chordate lineage and has also acquired control over derived, lineage-specific genes.
The T-box family and the notochord gene regulatory network
The interactions between T-box transcription factors in vertebrates can be exceedingly complex given the large number of family members, many of which are co-expressed. The hierarchical relationship that we identified indicates that, in addition to controlling a specific cohort of genes, Ci-Tbx2/3 serves to both reinforce and refine the Ci-Bra-downstream gene regulatory network. The comparison of Ci-Tbx2/3-regulated genes identified here to those previously classified as Ci-Bra targets suggests that Ci-Bra is required for the initial activation of shared targets that have the same onset as Ci-Tbx2/3, such as Noto4 and FN1-cont., whereas Ci-Tbx2/3 is required to maintain the notochord expression of these genes later in development. Shared targets expressed at later stages of notochord formation may be indirectly regulated by Ci-Bra using Ci-Tbx2/3 as an intermediary, or alternatively Ci-Bra and CiTbx2/3 may cooperatively control expression of these target genes 2431 RESEARCH ARTICLE Tbx2/3 in notochord development (green font, Fig. 7) . By contrast, Ci-Tbx2/3 serves to temporally limit the notochord activity of yet another set of Ci-Bra targets, including Fos-a. As noted above, there is also a conspicuous group of Ci-Tbx2/3 targets that do not seem to overlap with those of CiBra (orange font, Fig. 7 ). These results imply that, despite belonging to the same family and binding similar consensus sequences (Tada and Smith, 2001) , T-box transcription factors maintain distinct activities. Consistently, previous work has shown that target specificity is influenced by the DBD itself (Conlon et al., 2001) , and it is noteworthy that the T-domains of Ci-Bra and Ci-Tbx2/3 share only 47% identity.
The lack of recognizable activation or repression domains in the Ci-Tbx2/3 protein sequence make its categorization challenging. Nevertheless, the observation that Ci-Tbx2/3 targets are often expressed in a mutually exclusive fashion in the notochord and CNS suggests that Ci-Tbx2/3 works as an activator and is counteracted by localized repressors. However, the similarity of the phenotypes induced by Ci-Tbx2/3 DBD , Ci-Tbx2/3 VP16 and Ci-Tbx2/3
En , and the temporal regulation of some of the notochord targets suggest that CiTbx2/3 can ultimately operate as both an activator and a repressor in a context-dependent fashion. This functional duality could depend upon the tissue-specific availability of distinct Ci-Tbx2/3 interacting partners and provides a powerful mechanism that ensures fine-tuned control of tissue identity in the developing embryo. (Fig. 2) is shown in red for reference; the minimal notochord enhancer is outlined in black and this area of the locus is further highlighted with a yellow arrowhead. Bottom: VISTA alignment illustrating the sequence conservation across the Ci-Tbx2/3 locus between Ciona intestinalis (Ci) and Ciona savignyi (Cs), obtained using the following parameters: calculation window, 100 bp; minimum conservation width, 100 bp; conservation identity, 50%. Conserved coding regions are depicted as blue peaks, conserved portions of the 59-or 39-UTR are shown in aqua, whereas the conserved non-coding regions are illustrated as pink peaks. (B-F) X-Gal staining of Ciona intestinalis mid-tailbud stage embryos electroporated with the Ci-Tbx2/3 CRMs indicated in A with staining in discrete regions of the sensory vesicle (B-F), ventral trunk epidermis (C,D) and palps (E,F). Expression domains are highlighted with arrowheads colored as follows: orange, muscle; blue, CNS; green, epidermis; purple, mesenchyme. 
